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Many factors influence the spread dynamics and distribution of invasive alien
organisms. Despite progress in unravelling the determinants of invasiveness and invas-
ibility, robust, spatially-explicit predictive models for explaining real-world invasion
dynamics remain illusive. Reconstructing invasion episodes is a useful way of deter-
mining the roles of different factors in mediating spread and proliferation. In many
cases, however, human-aided dispersal and other anthropogenic factors blur the
roles of natural controlling factors.
We describe the reconstruction of an isolated invasion event from a known source:




 in the Kruger National Park. Our aim
was to explore the relative roles of environment and propagule supply in shaping the
invasion pattern.
Environmental variables (landscape heterogeneity and distance from water sources)




 in 1-ha cells




 (53% of cells correctly classified). Adding fire frequency increased
the accuracy of the model (68%). However, when we considered the role of propagule
pressure (measured as the distance of sites from the known primary invasion focus
and putative secondary invasion foci), model accuracy was greatly improved (77%).
No environmental variables or propagule pressure correctly explained spatial variation
in abundance (expressed as cladode density in 1-ha cells). We discuss implications of








Many biotic and abiotic factors affect the performance of an
introduced organism. Upon arrival in a new environment, an
alien must negotiate a series of barriers or filters before becoming





Colautti & MacIsaac, 2004). For alien plants, preadaptation to
local environmental conditions (broad-scale climatic and soil
conditions, etc.) is essential for establishment. Naturalization is
only achieved when the alien species reproduces, and invasion is
contingent on dispersal from introduction foci. Proliferation in
disturbed and undisturbed environments is further dependent
on the alien species’ ability to negotiate or take advantage of many
other features of the receiving environment. Much progress has
been made recently towards understanding the determinants of




., 2004), but plant
invasions remain difficult to predict because of the complex
interactions between traits of the invader and features of the
environment. Importantly, the nature of interactions between
invader and environment changes over time as the abundance of
the invader increases. Especially in the early stages of invasion,
invaders are clearly not in equilibrium with the environment.
This complicates the assessment of the role of environmental
factors in mediating invasion patterns (Hulme, 2003).
Several recent studies, following different approaches, have
highlighted the important role of propagule supply (or ‘prop-
agule pressure’) in structuring invasive plant populations
(e.g. Williamson & Fitter, 1996; Hutchinson & Vankat, 1997;












., 2001; Brown & Peet, 2003;
Rouget & Richardson, 2003). These studies suggest that the influ-
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environment is swamped with propagules, since establishment
and subsequent events and processes along the naturalization-





., 2001). The increased availability of
propagules in the course of an invasion can thus be a fundamental
driving force in the invasion. Rouget & Richardson (2003) showed
for three invasive tree species that models incorporating
propagule pressure were markedly superior to those invoking
only environmental parameters in explaining distribution pat-
terns and abundance of invaders at a regional scale. These results
suggest that accurate reconstructions of invasion events, and
attempts to model ongoing and future invasions, must incorpo-
rate propagule pressure. Further examples detailing the explicit
roles of propagule pressure in invasions are required to help in
developing robust theories and models for building propagule
pressure into quantitative invasion ecology. This paper presents








 (Cactaceae) is the most widespread invasive
alien plant in South Africa’s Kruger National Park (Foxcroft &
Richardson, 2003). Its invasion of the park since the early 1950s
represents a discrete invasion event with a defined single source
(see below). A previous study employing Principal Components





tion and environmental variables, suggesting that the species can
grow and invade in a wide range of habitats in the region (Fox-
croft, 2003). Our acquisition of 14,504 additional distribution
records (four times the number used in the earlier study) and
additional GIS layers of environmental information provided the
opportunity to gain further insights on invasion processes at the
regional scale over 50 years. In particular, given the observed




 distribution and environ-
mental factors, this offered an opportunity to explore the extent
to which propagule pressure could be acting as a driving force in
this invasion.








 over 50 years to










The Kruger National Park (KNP) is situated on the eastern side
of the Limpopo and Mpumalanga provinces of South Africa, and
is bordered on its eastern side by Mozambique. Extending





KNP is one of the largest areas in the world managed primarily
for biodiversity conservation. The KNP occurs in southern Africa’s
savanna biome, and has 20 main vegetation types (Mucina &
Rutherford, 2004) on gentle topography (ranging from 110 to
850 m above sea level). Details of environmental conditions and




. (2003), and informa-
tion on alien plant invasions are found in Foxcroft & Richardson
(2003) and Freitag-Ronaldson & Foxcroft (2003). Our study was
located in the southern region of the KNP around Skukuza village,
extending 40 km east–west and 40 km north–south (24.85–25.20
degrees S, 31.45–31.80 degrees E). The topography is moder-
ately undulating to flat, intersected by numerous dry stre-
ambeds, which flow mainly as storm water conduits draining
into the Sabie River. A few granite hills occur, protruding from
archaic granites and gneiss. The landscape has developed mainly
as a result of the accumulation of clay and mineral elements in













 (Ker Gawl) Haw.) is a
perennial succulent shrub native to North and Central America.
Fleshy fruits are borne on the modified succulent stems called
cladodes. It is well established as an invasive alien species in
Australia (Johnson, 1982), Spain (Vilà & Gimeno, 2001; Gimeno &






















) was first recorded in the KNP in 1953 when it
was grown as an ornamental plant in Skukuza village (Lotter &
Hoffmann, 1998). It soon naturalized and by about 1980 was









, as described by Lotter & Hoffmann, 1998)
covering some 66,000 ha, making it the most widespread invasive
alien plant in the KNP (Foxcroft & Richardson, 2003) (Fig. 1). In









); these species are





work has been done on the dispersal ecology of the species in the





parts of its adventive range (e.g. in Catalonia, Spain; Gimeno &




in the KNP. Little is known about the biology and ecology of
Figure 1 A dense stand of Opuntia stricta in 1997, near Skukuza in 
the Kruger National Park. The picture shows a healthy stand, with 
only minor damage caused by the introduced biological control 






















., 1999). The ger-




 species increases with age of the seeds,
indicating some inherent primary dormancy which probably









 species to be viable




 seeds germinated, and 90.6% of the seedlings survived









 species is a prolific seed producer, vegetative
propagation is also achieved through ramets (i.e. fragments









 have been conducted in the KNP
since 1985, with the implementation of a herbicidal control
programme (Foxcroft & Hoffmann, 2003). Herbicides have been
unsuccessful because populations are replenished from soil-stored
seeds, many small plants are overlooked in spraying operations, and
insufficient follow-up work was carried out. Biological control





Figure 2 (a) Study area in relation to the Kruger National Park; (b) Landscape heterogeneity as indicated by satellite imagery grouped into 20 
classes (top); number of fires between 1950 and 2003 (bottom); (c) Mapped distribution of O. stricta (19,849 points); (d) Cladode density of 
O. stricta in 1-ha cells.
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1988 and has made some contribution to slowing the spread,
mainly by stunting growth and extending the time that plants









) in 1997 con-





& Hoffmann, 2003). The species is, however, still expanding its
range in the KNP and in many other parts of South Africa.
Detailed information on the invasion dynamics of this species in







 distribution and abundance
 




 in the study area was mapped
between November 2000 and November 2003 using Geographic
Positioning System (GPS; Garmin 12XL) units with an accuracy










involved a team of 10 persons moving through the field in a
straight line, approximately 10 m apart, mapping individual
plants and clumps. Remote-sensing techniques are not appropri-




individuals and stands occur in densely wooded savanna (Fig. 1)
or are hidden in a dense herbaceous understorey. Plants were
individually mapped, except when they comprised more than
about 150 cladodes, or when plants occurred in dense patches. In
such situations, the number of cladodes was estimated by regres-
sion analysis using length, breadth, and height dimensions of the








Detailed environmental data were available as Geographic Infor-
mation System (GIS) layers from the Savanna Ecological Research
Unit at the KNP. Data layers selected for inclusion in our study are
described in Table 1. Classification of a Landsat7 ETM + image
(obtained from the USGS/EROS Data Centre), and processed to
the Level 1G (radiometrically and geometrically corrected) was
used to derive a classification of landscape heterogeneity. The
unsupervised classification of bands 4 (near-IR), 5 (Short Wave-
length Infrared (SWIR)), and 3 (Red) displayed as red, green and
blue, respectively, of a Landsat7 ETM + image, iteratively classified
pixels into 20 spectrally-distinct classes. Classes were determined
by spectral distinctions that are inherent in the Landsat7 image,
through the Iterative Self-Organizing Data Analysis Technique
(ISODATA) clustering method (Tou & Gonzalez, 1974). The
assumption is made that the spatial patterns of these classes relate
to ‘hypothetical’ habitats within the study area. This provided the
best available indication of landscape heterogeneity (see Fig. 2b;
top). Landscape heterogeneity is understood as the degree of
variability across the landscape and is regarded as the highest level




., 2003; Rogers, 2003).
 
Selection of the appropriate spatial scale
 




 were available as point




 100 m (1-ha)




, especially in densely wooded, inaccessible areas. Working
at this resolution also enabled us to compute presence/absence
and abundance at the same spatial scale. Since we were mainly
interested in density with reference to propagule pressure (the
role of dense stands as foci for further invasion), we computed
cladode density in terms of the total number of cladodes per 1-ha
cell. One-ha cells were also suitable for relating distribution and
abundance data to environmental variables which were collected/
collated at varying scales of resolution but which were all suit-
able for interrogation at the scale of 1-ha cells.
 
Definition of invasion foci and reconstructing the 
invasion chronology
 
The need to quantify the role of propagule pressure necessitated




 that functioned as the
Table 1 Environmental variables (including fire) used to characterize presence/absence and abundance (cladode density) of Opuntia stricta in 




Soil Form Major soil forms classified into 15 types (Institute for Soil, Climate & Water, 1997).
Soil Texture Soil texture based on the proportion of sand, loam and clay (10 categories) (Institute for Soil, Climate & Water, 1997).
Venter Soil A classification of soil types as described by Venter (1990).
Climatic variables
Rainfall Average annual rainfall (mm).
Habitat variables
Venter Land Type 56 ‘land types’ as described by Venter (1990) on the basis of soil and vegetation patterns and which are combined 
with landform characteristics.
Distance From Water Distance from major water sources (rivers, artificial and natural boreholes).
Landscape heterogeneity Classification of a Landsat7 ETM + image was used to derive a classification of landscape heterogeneity.
Management
















most important sources of propagules (referred to as foci). We
assumed that propagule pressure would be related to the distance
from such foci. Based on propagule pressure, we would expect
most high-density patches to occur near foci, and very few in-
vaded cells far away from the foci. As a first step in assessing the
role of propagule pressure in structuring invasive populations we
defined two levels of foci. The primary focus of invasion is the
known origin of the invasive population in the Skukuza village
(hereafter the ‘primary focus’). Putative secondary invasion foci
(‘secondary foci’) were defined as the top 5% of 1-ha invaded
cells ranked by cladode density (there were 260 cells with >= 500
cladodes per ha; see Fig. 3d). This selection was supported by a
rapid decline in the frequency distribution of cladode density in
1-ha cells.
Preliminary analyses indicated that cladode density in 1-ha
cells was indeed negatively correlated with the distance from foci.
To ensure that the selected foci provided more important sources
of propagules than a random selection of other invaded cells, we
analysed the spatial pattern of cladode density in relation to the
distance from a randomly selected set of invaded cells. The corre-
lation obtained was much weaker than with distance from
selected foci. We were thus confident that we had correctly iden-
tified the most important sources of propagule supply and that
distance from foci was a good indicator of propagule pressure.




 cladodes in 1-ha cells was also the best
available proxy for ageing stands, so density was used in recon-
structing the invasion chronology. In the reconstruction of the
invasion chronosequence we ranked cells by cladode density and
divided the invaded cells into six categories (< 200; 201–500;
501–1000; 1001–2900; 2901–5000; and > 5000 cladodes per ha)
based on natural breaks in the frequency distribution of cladode
density over the entire study area. The spatial distribution of cate-
gories was mapped to indicate the likely pattern of expansion of
the population. The areal extent of each category was estimated




Tree-based models provide an alternative to linear and additive








., 2000). Tree models successively split
the data to form homogeneous subsets, resulting in a hierarchical
tree of decision rules useful for prediction or classification. This
approach is particularly useful for exploring interactions between
variables (e.g. between environmental variables and propagule
pressure). We used S-Plus 2000 Professional Release 3 (MathSoft
Inc., 2000) for fitting and examining classification and regression
trees. The number of nodes was limited to 10 as our primary
Figure 3 Snapshots of the reconstructed distribution patterns at different stages of invasion of Opuntia stricta2.  shows the known source of the 
invasive O. stricta in the Skukuza village. a: = 5000 cladodes (13 cells); b: = 2900 (26); c: = 1000 (103); d: = 500 (260); e: = 200 (725); f: = 1 (5180).
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interest was to identify the main factors structuring the invasion
patterns. A training set consisting of 75% of the full data set was




 was present and a random set of 1-ha cells selected across




 was absent. The number of
absence cells was proportionate to the size of the study area rela-
tive to the area invaded.
To explore the role of environmental factors and propagule





classification trees for species distribution and regression trees
for species abundance (expressed as number of cladodes per ha).
For each model we used a combination of environmental varia-
bles only, environmental variables plus fire, propagule pressure
alone (as measured by distance from primary and secondary
foci), and then both environmental variables and propagule
pressure. This was done to determine whether by adding a range
of variables, the predictive ability of the models was improved,
and to tease out the most significant of the variables.
The predicted distributions were generated using model
results in ArcView (version 3.2). For presence/absence, model
accuracy was determined by the percentage of correctly classified
cells, and the Kappa statistic (Cohen, 1960). For abundance,
cladode density was reclassified into four classes (absent; < 5;
6–100; > 100) and the model accuracy was determined by the









 in the study area
covers about 40,000 ha, although only 5180 1-ha cells were mapped
as invaded. The species has spread 18.5 km from the known
source in Skukuza village (Fig. 2c).





the study area indicates initial expansion largely within 8 km of
Skukuza, with outliers at up to 14 km (Fig. 3a,b). Later stages
of invasion involve coalescence of satellite foci and colonization
of additional areas up to 18 km from the source (Fig. 3c–f). To
determine likely dates associated with different stages in the
sequence (A–F in Fig. 3) we plotted the areal extent of each stage





 extent in the study area collated by Foxcroft &
Hoffmann (2003). This approach puts approximate dates to the
phases shown in Fig. 3(a–f) in the 20-year period between 1980
and 2000 (Fig. 4).
Figure 3(d) shows the distribution of putative foci, represent-
ing 5% of the invaded cells and were estimated to be at least
10 years old (Fig. 4).
 




Only three environmental variables (habitat classes defined from





 presence/absence (Fig. 5a,b). Seven out




presence. Adding the number of fires over the last 48 years








 was much less likely to occur in
areas burnt more than five times (Fig. 5b), and at sites more than
about 1 km from water sources. Model accuracy ranges from
53% (habitat classes and distance from water sources; Fig. 5a) to
67% (habitat classes, fire and soil form; Fig. 5b) (Table 2).
Figure 5 Classification tree of distribution 
(presence/absence) of Opuntia stricta based on 
environmental factors only (panel a) and 
environmental factors plus fire (panel b). 
Rules indicated on top of each splitting 
branches apply to the left branch. Values at the 
terminal nodes indicate predicted presence (1) 
or absence (0).
Figure 4 Areal extent of each stage of the invasion on the curve of 
area against time based on estimates of total O. stricta extent in the 
study area. Invasion stages refer to the reconstructed distribution 
pattern illustrated in Figure 3. a: = 5000 cladodes; b: = 2900; 
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Propagule pressure, approximated by distance from primary and
secondary foci, was a much better predictor of O. stricta distribu-
tion than any set of environmental variables. These two variables
correctly classified 77% of cells O. stricta presence/absence (Table 2).
Opuntia stricta is highly likely to occur at sites within 7.9 km
from the primary focus and 1.4 km from secondary foci (Fig. 6).
Determinants of abundance (cladode density) of 
Opuntia stricta
No environmental variables explained abundance patterns for
O. stricta (only 14% of cells classified in the correct categories).
However, propagule pressure as measured by distance from foci
was a reasonable predictor of abundance pattern (Fig. 7). About
52% of cells were correctly classified. Cells within 170 m of
secondary foci and 1.9 km of primary focus have 212 cladodes on
average whereas cells further than 1.4 km from secondary foci
have three cladodes on average (Fig. 7). However, no density cate-
gory, especially high-density, could be correctly identified based
on propagule pressure or environmental variables. The addition
of environmental factors did not improve the accuracy of re-
gression tree model based on propagule pressure only, as no
environmental factors were able to explain the occurrence of
dense stands far from any foci.
Spatial predictions of distribution and abundance of 
Opuntia stricta
Based on outputs from the classification and regression trees,
about 25% of the study area (ranging from 21.8% to 28.5% for
different models) is suitable for invasion by O. stricta (Fig. 8).
Using environmental variables only, suitable sites were identified
throughout the study area (Fig. 8a), whereas the addition of fire
or propagule pressure provided spatial predictions similar to the
current range of O. stricta (Fig. b,c). High-density invaded stands
were predicted only near primary and secondary foci (Fig. 8d).
DISCUSSION
The distribution of invading Opuntia stricta in the Kruger
National Park was weakly correlated with the selected set of
environmental variables at the study scale (see Table 2), but the
correlation was improved when fire frequency was added. The
lack of good correlations between distribution and environmental
features was not unexpected. A previous study in the same area,
using only about a quarter of the distribution points and a Prin-
cipal Components Analysis (Foxcroft, 2003), arrived at a similar
conclusion. Also, at the scale of the whole of South Africa, a
bioclimatic analysis for O. stricta based on presence in quarter-
degree cells showed that almost half of the area of South Africa,
Lesotho and Swaziland is potentially suitable for this species
(Rouget et al., 2004). In the KNP, O. stricta grows in a very wide
range of microsites, including small rock crevices, forks of trees,
and even on a corrugated iron sheet (L.C. Foxcroft, pers. obs),
attesting to its ability to grow in a very wide range of sites. It is
thus not surprising that a large part of the study area, and prob-
ably the KNP, was shown to be potentially invasible for O. stricta.
Propagule pressure added considerable explanatory power to
the distribution models (environmental variables plus propagule
pressure yielded an accuracy of 77%). Propagule pressure was
Table 2 Model accuracy of classification trees (used for predicting presence/absence) and regression trees (used for predicting cladodes 




Analysis % Presence % Absence % Total Kappa
Presence/Absence
Environmental variables exc. fire  68.21 49.21 52.67 0.098
Environmental variables inc. fire  60.33 69.41 67.76 0.215
Propagule pressure only  78.50 76.17 76.59 0.41
Environmental variables and propagule pressure  89.45 65.15 69.58 0.348
Cladode density < 5 < 100 < 500 Total
Propagule pressure only  0.1  85.3  0.33 44 62.4 51.5 —
Figure 6 Classification tree of distribution (presence/absence) of 
Opuntia stricta based on propagule pressure. Primary focus 
represents the distance (in m) from the original introduction (in 
Skukuza village), secondary foci represent the distances from 
invaded cells with > 500 cladodes (see Figure 3d). Rules indicated on 
top of each splitting branches apply to the left branch. Values at the 
terminal nodes indicate predicted presence (1) or absence (0).
L. C. Foxcroft et al.
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not, however, a very good predictor of species abundance (44%
of density classes correctly classified, Table 2). When considering
the observed contribution of propagule pressure on presence/
absence, we should consider some assumptions of the study
approach. Firstly, we assumed that the effects of propagule pres-
sure (the spatial mass effect) are adequately measured by the dis-
tance to known and putative foci. We selected a set of dense cells
as putative foci based on the frequency distribution of cladode
density in cells. Clearly, the selected cut off is arbitrary, and some
cells or clusters other than those selected may well have func-
tioned as foci. Furthermore, the approach clearly assumes that all
important foci have been accurately mapped and that no clumps
of plants that acted as foci at any stage during the invasion
(50 years) disappeared before the mapping in 2002–03. Despite
Figure 7 Regression tree of abundance 
(cladode density) of Opuntia stricta based on 
propagule pressure. Primary foci represent the 
distance (in m) from the original introduction 
(in Skukuza village), secondary foci represent 
the distances from invaded cells with > 500 
cladodes (see Figure 3d). Rules indicated on 
top of each splitting branches apply to the left 
branch. Values at the terminal nodes indicate 
the predicted number of cladodes per 1 ha cell.
Figure 8 Spatial predictions of distribution 
and abundance of Opuntia stricta based on 
outputs from the classification and regression 
trees. (a) predicted distribution using 
environmental variables only; (b) predicted 
distribution using environmental variables 
plus fire; (c) predicted distribution using 
propagule pressure only; (d) predicted cladode 
density using propagule pressure.
Opuntia stricta invasion in South Africa
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the history of control efforts directed at O. stricta, we are reason-
ably confident that these potential problems have not markedly
affected our dataset. To our knowledge, no substantial clumps of
O. stricta have disappeared. Had any clumps been substantially
reduced through herbicidal control, they would have quickly
regenerated due to the lack of follow-up measures. Biological
control, although certainly assisting in management efforts, did
not provide the levels of control required to result in a large-scale
decrease in plant density. Considering these caveats, the role of
propagule pressure quantified in this paper should be seen as
indicative rather than absolute. We are confident that our approach
is sufficiently robust to capture meaningful contributions of
propagule pressure towards population expansion. We made no
attempt to explain the spatial position of the selected foci in the
landscape. Their location is presumably determined by dispersal
events generated through movements of the two main dispersal
agents, elephants and baboons, both of which are highly mobile
species. Unfortunately, no data are available to model dispersal
dynamics.
The fact that adding fire frequency during the invasion history
as a variable added substantially to the explanatory power of the
model, suggests that fire frequency could potential be manipu-
lated as part of an integrated control programme. Although fire
ecology has received considerable attention in the KNP, includ-
ing its role as driver of ecosystem variability (Van Wilgen et al.,
2003), no work has been done on the fire ecology of O. stricta.
The important role of fire in the model suggests that O. stricta is
extremely fire sensitive. It is debatable whether fire frequency in
management units could be manipulated specifically to reduce
O. stricta occurrence (Van Wilgen et al., 2004).
This study has demonstrated that propagule pressure is an
important and quantifiable driver of alien plant invasions, in a
manner similar to that of Hutchinson & Vankat (1997) and
Rouget & Richardson (2003). What are the implications of these
findings for modelling and managing plant invasions? Firstly,
the results underscore the major importance of isolated foci in
population growth (Moody & Mack, 1988). For example, in the
reconstructed invasion chronology, the isolated focus at 15 km
from the primary source at a very early stage of the invasion
(Fig. 3a, top right point) and the cluster of foci 5 km north of the
primary focus at a later stage of the invasion (Fig. 3d) have clearly
been hugely important in producing the noticeable west-east and
north-south arms of the invasion pattern that remained evident
in 2003 (Fig. 3f). It is likely that no amount of data on seed dis-
persal dynamics of O. stricta would ensure accurate prediction of
this pattern. Only with the benefit of hindsight can the weight of
such events be appreciated. Regarding management implica-
tions, the results support the already widely stated notion that
isolated foci are the most cost effective targets for management
intervention (Moody & Mack, 1988; Higgins & Richardson, 1999).
It is difficult to extend the findings from this study to predict
invasion dynamics in other parts of southern Africa, or elsewhere.
For example, nowhere else do elephants (apparently the main
seed disperser in the KNP) move freely over such large areas.
Other parts of the world where O. stricta is invasive differ in so
many respects from the KNP that it is unlikely that results from
this study would be directly transferable, or that insights from
such studies will be of much use for understanding invasion
dynamics in the KNP. For example, the well-studied invasions in
Catalonia, Spain, take place in planted pine forests, abandoned
olive groves and vineyards characterized by high levels of a range
of anthropogenic disturbances (Gimeno & Vilà, 2002; Vilà et al.,
2003). Seed dispersal in Catalonia was by birds (thrushes and
starlings) and wild boars. Whereas perch sites for birds in the
invaded sites define regeneration microsites in Spain (Vilà &
Gimeno, 2001), dispersal by baboons and elephants is less likely
to result in predictably clumped regeneration microsites although
some clumps of O. stricta in the KNP are apparently associated
with baboon roosts (J. H. Hofmann, pers. comm.).
Management of invasive species such as O. stricta whose
dynamics are so clearly driven by propagule pressure and where
biotic and abiotic are much less important is probably much
more challenging than for species where distribution and abund-
ance follow patterns that can be predicted by such factors.
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